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(57) Abstract 

A switching method and apparatus operates as a 
work conserving network device. An arbiter using an 
arbitration algorithm controls a switch fabric intercon- 
necting input ports and output ports. To switch cells, 
a virtual output queue of an input port is selected that 
corresponds to an output port with a lowest occupancy 
rating and a request is sent to this output port. In a greedy 
version of the algorithm, input ports may send requests 
to the lowest occupied output port for which they have 
a cell. In a non-greedy version, requests may only be 
sent if that input port has a cell for the lowest occupied 
output port in the entire network device. An output port 
that receives one or more requests from input ports uses 
an input port selection algorithm to select an input port 
from which to receive a packet. After as many input 
and output ports are matched as is possible in a phase, 
the packets for those matched ports are transferred across 
the switch. The switch fabric operates with a speedup 
of only twice that of the input port data rates and is still 
work conserving. 
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ARBITRATION METHOD AND APPARATUS FOR A NON-BLOCKING SWITCH 



5 Background of the Invention 

In digital communications systems, data is routinely transmitted between many 
processing devices over some sort of network. For example, in computer networks, data is 
typically sent from one computer to another computer through network communications 
devices such as hubs, routers, bridges and/or switches interconnected by transmission media 

10 or data links. Viewed from the outside, the network communications devices have input and 
output ports that send and receive data to and from the data links. Within a single network 
device, data is accepted at input ports, transferred across a switching fabric internal to the 
network device, and received at output ports for transmission onto the next data link. 

The internal switching fabric of a network device interconnects input ports to output 

15 ports and is typically controlled by an arbiter. The arbiter typically controls the flow of data 
from input to output ports, using an arbitration algorithm to sequentially make matches 
between the ports. The switching fabric then uses the matches to transfer the data once no 
more matches can be made. The process of an arbiter controlling a switch fabric to 
interconnect input and output ports is referred to as "switching" the data. 

20 Data transferred between network devices is generally arranged into groups of binary 

digits (bits) called a packet. A single packet typically contains a header portion including 
addressing information and a body portion containing the data or payload of the packet. 
Packets sent between network devices may vary in size. In order to improve the transfer 
speed of data within a network device, upon arrival, packets are often broken down into fixed 
25 size blocks of data called cells. These cells are then transported through the network device 
one by one and then are re-assembled again into a packet before being sent on to the next 
network device. 

There are generally three classes of data switching architectures implemented in 
network communication devices and these are classified based on the location of the buffers. 
30 The three main data switching architectures are classified as either output buffered (OB), input 
buffered (IB), or as combined input-output buffered (CIOB) network devices. 
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In output buffered or shared memory network devices, packets arriving at an input port 
are placed into output buffers at an output port determined by an address of the packet. In an 
output buffered network device having N input ports and receiving data at M bits per second, 
a data transmission rate of N * M is needed for the switch fabric to ensure that data is not lost. 
5 Typically, optimal throughput and delay performance is obtained using output buffered 
network devices. 

Advantageously, output buffered network devices can use up to the full bandwidth of 
outbound data links because of the immediate forwarding of packets into output buffers. The 
packets are fed to the output data links as fast as the links can accept the packets. Moreover, 

10 network devices offer certain latency control features. Packets are always sent onto output 
data links from the output port in the order received. 

A disadvantage of output buffered network devices is that when the switch size and 
link speeds increase, the switch fabric speed must increase proportionally in order to handle 
the combined data rates of all input ports being switched to a single output port. Also, 

15 memories used as output buffers to store packets must be very fast due to increased switch 
fabric speeds. As the switch size and the link speeds increase, the cost of output buffered 
network devices also increases due to the costs inherent in the high speed memory 
requirements. Thus, current output buffered network devices are limited in size by memory, 
speed, technology and cost. 

20 These issues have generated renewed interest in switches with lower cost, such as 

input buffered switches, despite their deficiencies. One of the most popular interconnection 
networks for building non-blocking input buffered switches is the crossbar. An input buffered 
crossbar has the crossbar fabric running at a speedup of 1 (i.e., equal to link rate). If each 
input port maintains a single FIFO queue, packets sufferfrom head of line (HOL) blocking. 

25 This limits the maximum throughput achievable. To eliminate HOL blocking, virtual output 
queues (VOQs) have been proposed. Inputs ports with VOQs have a bank of queues, with one 
queue per output port. Packets are stored in random access buffers at the input ports. 
However, only pointers to the data need to be stored in the respective VOQs. 

Since there could be contention at the input and output ports if more than one input 

30 port has data for the same output port, there is a necessity for an arbitration algorithm to 
schedule packets between various input and output ports. A paper by N. McKeown, V. 
Anantharam and J. Warland, entitled "Achieving 100% Throughput in an Input-Queued 
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Switch," Proc. INFOCOM, March 1996, pp. 296-302, showed that an input buffered network 
device with VOQs can provide 100% throughput using a weighted maximum bipartite 
matching algorithm (defined therein). However, the complexity of the best known weighted 
maximum matching algorithm is too high for a high speed implementation. 



Details of these algorithms and the definition of maximal matching may be had with reference 
to the following papers: T. Anderson, S. Owicki, J. Saxe, C. Thacker, "High Speed Switch 
Scheduling for Local Area Networks," Proc. Fifth Intl. Conf. On Architectural Support for 
Programming Languages and Operating Systems, Oct. 1992, pp. 98-1 10; N. McKeown, 

10 "Scheduling Algorithms for Input-Queued Cell Switches," Ph.D. Thesis, Univ. of California, 
Berkeley, May 1995. However, none of the disclosed algorithms matches the performance of 
an output buffered network device. 

Increasing the speedup of the switch fabric has also been proposed as one of the ways 
to improve the performance of an input buffered switch. However, when the switch fabric has 

15 a higher bandwidth than the links, buffering is required at the output ports too. Thus, a 

combination input buffered and output buffered network device is required - a CIOB network 
device (Combined Input and Output Buffered). One goal of such a device is to use a 
minimum speedup required to match the performance of an output buffered network device 
using CIOB and VOQs. 

20 Identical behavior as an output buffered network device means that (a) the CIOB 

network device is busy at the same time as the emulated network device and (b) the packet 
departure order is the same. If only (a) is satisfied, then the throughput performance is 
matched, and if both (a) and (b) are satisfied, then delay performance is also matched. A 
work-conserving network device will satisfy condition (a). A network device is work 

25 conserving if and only if an output port in such a network device is not idle when there is at 
least one cell at any input port of the network device destined for this output port. 

In a network device, a feasible load means that the work entered is not greater than the 
overall capacity of the network device. For feasible loads, a work-conserving network device 
guarantees one hundred percent throughput, and thus one hundred percent output data link 

30 utilization, assuming that there is only one output data link per output port. For infeasible 
loads, a work-conserving device guarantees one hundred percent data link utilization for the 
overloaded data links. Thus, a work-conserving network device eliminates data link idling. 



5 



Over the years, a number of maximal matching algorithms have been proposed. 
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This property is very critical for network devices which are connected to wide area network 
(WAN) data links where idle link time is expensive. 

Another important metric in network devices is fairness. The shared resources in a 
network device are its output data links. Fairness corresponds to the allocation of the data link 
5 capacity amongst the contending entities. The entities could be the input ports, channels or 
flows that are currently active on this data link. 

Combined input-output buffered network devices have been shown to match the 
performance of output buffered devices. A paper by N. McKeown, B. Prabahakar, and M. 
Zhu, entitled "Matching Output Queuing with Combined Input and Output Queuing," (Proc. 

10 35th Annual Allerton Conference on Communications, Control, and Computing, Monticello, 
Illinois, October 1997) the entire contents of which are included herein, shows that a 
combined input-output buffered network device with VOQs (virtual output queues) can be 
work-conserving, if the switch fabric speedup of the network device is greater than N/2, where 
N is the size of the network device measured by the number of input and output ports. 

15 However, known combined input-output buffered network devices with a switch fabric 

speedup of N/2 are hard to build and still require the expensive high-speed memories noted 
earlier as the number of ports increases. The best known attempt at configuring a combined 
input-output buffered network device to match the performance of a work conserving output 
buffered network device of the same size N uses a speedup of four in the switch fabric with 

20 virtual output queues and an arbitration algorithm called Most Urgent Cell First Algorithm 
(MUCFA). This work has been presented in a paper by B. Prabhakar and N. McKeown, 
entitled "On the Speedup Required for Combined Input and Output Queued Switching," 
Computer Systems Lab. Technical Report CSL-TR-97-738, Stanford University. 

The MUCFA arbitration algorithm requires the assignment of priorities to cells as they 

25 enter the virtual output queues of input buffers at each input port. Generally, MUCFA selects 
the cells with the highest urgency, typically oldest, for connections to output ports first, hence 
the name "most urgent cell first". The MUCFA algorithm is cumbersome due to the 
maintenance required in assigning and updating the priorities of each cell queued at the input 
ports. 

30 

Summary of the Invention 
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The present invention utilizes a combined input-output buffered network device that 
can achieve at least some of the performance of the MUCFA system with a speedup of only 
two. One example configuration of the network device of this invention uses a non-blocking 
switch fabric, such as a crossbar, operating at a speedup of two. In the invention, a novel 
5 arbitration algorithm provides a combined input-output buffered work conserving network 
device. By reducing the necessary speedup of the switch fabric, lower speed memories are 
used and thus the network device is scalable to larger numbers of ports while keeping costs to 
a minimum. Moreover, the arbitration algorithm used in the switching apparatus and method 
of the present invention uses a lowest occupancy characteristic of output port queues to 

10 determine which input port will be paired with which output port when transferring data, and 
this is generally easier to implement than "urgency" tracking. 

The arbitration algorithm of the present invention is called the Lowest Occupancy 
Output First Algorithm (LOOFA). According to this invention, input ports request transfers 
with output ports based upon which output port has the lowest occupancy rating (i.e., lowest 

1 5 amount of queued cells or packets) in the output buffers in the output port. After requests are 
generated for input ports, output ports may then select an input port requesting data transfer 
according to an input selection algorithm, and "grant" permission for the selected input port to 
transfer a cell or packet. 

With a speedup as low as two in the switch fabric, prioritizing data cell transfers based 

20 on an occupancy rating of the output buffers allows the network device to be work conserving 
and to have advantageous performance features, similar to those of output buffered network 
devices. 

Within the switching method and apparatus of the present invention, the input buffers 
in input ports are arranged into virtual output queues and each virtual output queue 

25 corresponds to a distinct output port. Furthermore, the arbiter includes an output buffer 

occupancy rating detector indicating the occupancy characteristic of the output buffers for a 
respective output port. An output selector is included in the invention that selects a virtual 
output queue of an input port corresponding to an output port having the lowest occupancy 
characteristic. The arbiter may generate a request for the selected output port identifying the 

30 requesting input port. An input selector is included as well. The input selector selects an 
input port to be matched with an output port based upon requests received from the output 
selector. The input selector then sends a grant to the output selector giving permission for a 
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selected input port to transfer a cell from its virtual output queue corresponding to the output 
port that sent the grant to that output port. 

The arbiter embodies this aspect of the invention in the LOOFA arbitration algorithm. 
The LOOFA algorithm is executed by the arbiter to make connection matches between input 
5 and output ports in the network device. 

Also within the invention, there are two versions of the LOOFA arbitration algorithm 
that control the arbiter, referred to as the non-greedy and greedy versions of LOOFA. In the 
non-greedy version, the output selector may select a virtual output queue of an unmatched 
input port only if the virtual output queue corresponds to a single unmatched output port 

10 having a lowest occupancy characteristic. The lowest occupancy characteristic, however, is 
selected from the entire set of all unmatched output ports in the network device as a whole. 
This is referred to as the non-greedy version of the arbitration algorithm because if a virtual 
output queue in an input port corresponds to the single lowest occupied output port, but that 
queue is inactive, no request is made for that output port. 

15 In the greedy version, which is also included in the invention, the output selector may 

select the virtual output queue of the unmatched input port corresponding to any unmatched 
output port also having a lowest occupancy characteristic. However, the lowest occupancy 
characteristic in this version is selected from the set of all unmatched output ports 
corresponding to any active virtual output queues within the unmatched input port. Thus, in 

20 the greedy version, a request will be sent to whichever active virtual output queue has a 
corresponding output port with a lower occupancy rating. The difference in use between 
greedy and non-greedy versions of LOOFA affects performance characteristics of the network 
device. 

The above described aspects of the invention may be embodied in hardware, software 
25 or a combination of both. Moreover, the method and apparatus may be embodied within the 
entire network device, or may be contained primarily within the arbiter of the network device 
which can control the input and output ports and the switch fabric. 

As such, the invention provides a novel mechanism of data switching based upon 
occupancy levels of the individual output port queues in the output ports to which the data 
30 cells are to be switched. Using the occupancy level as a guide to switching cells allows the 
switch fabric to only need a speedup as low as two, while still retaining the work conserving 
properties. This is advantageous since a slower required speedup allows less expensive 
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processing components to be used in the network device design. Moreover, since the speedup 
is independent of the number of ports, no matter how many input and output ports are in the 
network device (i.e., thus determining the size of the network device), the network device is 
fully scalable without suffering performance loss with increased sizing. 

5 

Brief Description of the Drawing s 

The foregoing and other objects, features and advantages of the invention will be 
apparent from the f ollowing more particular description of preferred embodiments of the 
invention, as illustrated in the accompanying drawings in which like reference characters refer 
10 to the same parts throughout the different views. The drawings are not necessarily to scale, 
emphasis instead being placed upon illustrating the principles of the invention. 

Fig. 1 illustrates the general architecture of a combined input-output buffered network 
device according to the present invention. 

Fig. 2 illustrates an example configuration of a three by three network device showing 
15 input (IC) and output (OC) cells queued in the virtual output queues of input ports and in the 
output port queues of output ports. 

Fig. 3 illustrates an example of greedy output selection requests made in the first 
iteration of the greedy version of the LOOFA algorithm. 

Fig. 4 illustrates an example of non-greedy output selection requests made in the first 
20 iteration of the non-grccdy version of the LOOFA algorithm. 

Fig. 5 illustrates greedy input selection grants made in the first iteration of the greedy 
version of the LOOFA algorithm, in response to the requests made in Fig. 3. 

Fig. 6 illustrates non-greedy input selection grants made in the first iteration of the 
non-greedy version of the LOOFA algorithm, in response to the requests made in Fig. 4. 
25 Fig. 7 illustrates an example of greedy output selection requests made in the second 

iteration of the greedy version of the LOOFA algorithm. 

Fig. 8 illustrates greedy input selection grants made in the second iteration of the 
greedy version of the LOOFA algorithm, in response to the requests made in Fig. 7. 

Fig. 9 illustrates an example of non-greedy output selection requests made in the 
30 second iteration of the non-greedy version of the LOOFA algorithm. 

Fig. 10 illustrates non-greedy input selection grants made in the second iteration of the 
non-greedy version of the LOOFA algorithm, in response to the requests made in Fig. 9. 
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Fig. 1 1 illustrates an example of non-greedy output selection requests made in the 
third iteration of the non-greedy version of the LOOFA algorithm. 

Fig. 12 illustrates non-greedy input selection grants made in the third iteration of the 
non-greedy version of the LOOFA algorithm, in response to the requests made in Fig. 1 1 . 
5 Fig. 1 3 shows the cell transfers that take place at the end of the example phase after the 

successive iterations of both the greedy and non-greedy versions of LOOFA shown in Figs. 3 
through 12. 

Fig. 14 illustrates an example of a round-robin input port indicator within each output 
port for use in making input selections according to the round-robin input selection algorithm, 
l o Fig. 1 5 illustrates an example of a Last Service Time indicator within each input port 

for use in making input selections according to the Last Service Time input selection 
algorithm. 

Fig. 16 illustrates an example of each queued input cell including a time stamp within 
the virtual output queues of each input port for use in making input selections according to the 
15 Oldest Cell First input selection algorithm. 

Fig. 17 illustrates an embodiment of the invention that uses virtual input queues within 
the output ports of the network device. 

Fig. 1 8 illustrates an example of a computer networking environment in which the 
present invention may operate. 
20 Fig. 1 9 illustrates an interrelationship between time slots and phases as may occur in 

the invention so that the switch fabric may have a speedup of two. 

Fig. 20 illustrates a flow chart of the processing steps generally performed during a 
two phased time slot execution of LOOFA. 



Fig. 1 is an illustration of the main internal components of an example combined 
input-output buffered network device, as configured according to the present invention. The 
example network device is a three by three combined input-output buffered (CIOB) network 
device, since it has three input and three output ports. In the figures used in this description of 
30 the invention, a three input by three output combined input-output buffered network device is 
illustrated for example purposes only. A network device according to the present invention is 



25 



Detailed Description of the Invention 
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not limited to using only three input and output port connections and in many common 
implementation will have many more ports. 

Network device 49 comprises three input ports 50, 5 1 and 52 and three output ports 
59, 60 and 61. Each input port 50, 51 and 52 is connected to each output port 59, 60 and 61 
5 via connection channels 80 through 88, which form the switch fabric 89 of the network device 
49. The switch fabric 89 is implemented as a crossbar in one embodiment. 

In Fig. 1 , each input and output port is shown as a separate port. However, typically, a 
single port in a network device may serve as both an input and output port that is capable of 
both sending and receiving data over the same physical link. The ports are shown as separate 
10 input ports corresponding to separate output ports only for ease of description of the 

invention. Thus, in a typical crossbar switch fabric for example, each port may selectively 
connected to all other ports, including itself, in order to transmit data through the network 
device. 

In this example network device, each input port 50, 51 and 52 has virtual output 
15 queues (VOQ's) 56, 57 and 58, each containing input buffers ,? a M through "d" for storing data. 
Each output port 59, 60 and 61 has an output port queue 65 containing output buffers "a" 
through "d" for storing data for transmission to output data links 62, 63 and 64, respectively. 
In actual input/output ports, the buffer sizes may be very large. Only four output buffers and 
input buffers are shown per queue in each figure due to drawing size limitations. 
20 A network device according to this invention receives data on input ports and sends 

data from output ports. Typically, the data is received in a standardized format, such as 
TCP/IP datagrams, frames, or ATM cells for example. These units of data are generally 
referred to herein as packets for ease of description. 

Generally, associated with each input port of a network device in this invention are 
25 separate respective virtual output queues, one corresponding to each output port of that 

network device. As shown in Fig. 1, since there are three output ports 59, 60 and 61, there are 
three virtual output queues 56, 57 and 58 associated with each input port 50, 51 and 52. If 
there were ten output ports, there would be ten virtual output queues associated with each 
input port. 

30 During operation of the network device 49 in Fig. 1 , packets containing an address and 

data arrive at the network device over input data links 53, 54 and 55. As the packets arrive. 
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they are analyzed by a routing algorithm implemented within route processor 1 5, which 
makes forwarding decisions based on the address of the packet. 

The packets that arrive on an input port may then be divided into fixed size cells by 
fragmentation processing logic. When packets eventually leave the network device, the cells 
5 arc reassembled back into a packet at the output port. For simplicity of discussion of this 
invention, the operation of the method and apparatus is discussed in relation to cells of data, 
where each cell is a fixed size. However, in a network architecture such as ATM, which 
already uses fixed size packets, coincidentally referred to as ATM cells, embodiments of the 
invention may treat the ATM cells the same as the cells within the network device. Thus, in 

10 such network architectures, the break down of packets into fixed size cells by a fragmentation 
process can be avoided. 

Each cell is given a header indicating an output port 59, 60 or 61 in the network device 
to which that cell is to be forwarded. Each cell is then placed into the next available input 
buffer "a", "b\ w c w or "d" in the virtual output queue 56, 57 or 58 within the input port 50, 51 

15 or 52. 

The virtual output queue selected to receive the cells of a packet corresponds to the 
output port 59. 60 or 61 to which that packet is to be sent, as determined by the routing 
algorithm used in route processor 15. By having a one-to-one correspondence between the 
number of virtual output queues and the number of output ports, each virtual output queue 56, 

20 57 and 58 is able to buffer the cells that must be transmitted to that virtual output queue's 
corresponding output port, either 59, 60 or 61, respectively. The process of receiving and 
queuing cells into the virtual output queues 56, 57 and 58 of each input port 50, 51 and 52 is 
the input buffering portion of network device processing. 

Once the cells are buffered or queued in the virtual output queues, they are ready for 

25 transfer to their respective output ports. The operation of cell transfers in network device 49 
is controlled by the arbiter 90. In the invention, the arbiter 90 implements the Lowest (or 
Least) Occupancy Output First Algorithm (LOOFA). 

Using LOOFA, the arbiter 90 determines which cells are repetitively removed from 
the virtual output queues 56, 57 and 58 of each input port 50, 5 1 and 52 and determines when 

30 the cells are transferred across connection channels 80 through 88 and then queued into the 
output port queues 65 of output ports 59, 60 and 61 . The cells remain queued in the output 
port queues 65 while the network device 49 re-assembles them into packets and unloads the 
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packets onto the respective output data links 62, 63 and 64, according to the speed of those 
output data links. In this general manner, packets are switched between input and output 
ports. 

One goal of an arbitration algorithm is to allow the arbiter 90 to match as many 
5 connections across the network device as possible to maximize throughput. An arbitration 
algorithm that matches as many connections as possible is a maximal matching algorithm, and 
achieving a fast arbitration algorithm is similar in nature to the maximal matching problem 
found in bipartite graphs. 

Generally, the LOOFA arbitration algorithm sets-up as many one-to-one connections 

io as possible between input and output ports, and then the arbiter 90 controls the switch fabric 
89 to transfer the cells across the network device. This process repeats itself for every cell 
transfer time slot. By controlling how fast the arbiter 90 executes the arbitration algorithm, 
the number of cell transfers over time may be controlled. Aside from the physical limitations 
of the switch fabric, the cell transfer rate controlled by the arbiter's arbitration algorithm 

15 determines the speed of the switch fabric. For example, if packets arrive at the network 
device on input data links at a certain data rate, and the arbiter can control the switch fabric 
according to the arbitration algorithm to transfer cells for packets at twice that data rate, then 
the switch fabric is said to have a speedup of two. 

Fig. 2 illustrates a snapshot image of network device 49 configured according to the 

20 present invention, while processing cells. Queued input cells awaiting transmission across the 
switch fabric 89 are shown by the letters "IC" in the input buffers of the input ports 50, 5 1 and 
52 that hold each cell. For example, in input port 52, virtual output queue 56 has three input 
cells (IC's) in respective input buffers (input buffer locations b, c, and d in input port 52 from 
Fig. 1) awaiting transfer across the connection channel 86 to output port 59. Also in input 

25 port 52, virtual output queue 57 has two cells queued (input buffer locations c and d in input 
port 52 from Fig. 1), each awaiting transfer across connection channel 87 to output port 60. 
Finally, for input port 52, virtual output queue 58 has four cells queued for transfer over 
connection channel 88 to output port 61. Input ports 50 and 51 also have cells queued as well, 
as shown by the input cell (IC) designators in Fig. 2. 

30 As cells get sent from the input ports 50, 51 and 52 across the switch fabric 89, they 

arc queued in the output port queues 65 of their respective output ports, where they await 
forwarding onto output data links 62, 63 and 64. Queued output cells arc shown by the 
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abbreviation "OC" for output cell. The occupancy rating 70, 71 and 72 for each of the output 
port queues 65 for each output port 59, 60, and 61 , is also respectively shown. For example, 
output port queue 65 in output port 60 has three output cells queued-up for transmission out of 
network device 49 onto output data link 63. The occupancy rating 71 of output port 60 is 
5 therefore shown as three. The occupancy rating 72 of the output buffer 65 in output port 61 is 
two, since there are two OC cells queued (OC cells queued at output buffer positions c and d 
from Fig. 1) in this output port. Likewise, the occupancy rating 70 of output port 59 in Fig. 2 
is shown as one in this example, since only one OC cell is queued in its output port queue 65. 
The rate at which packets are dequeued from the output port queues 65 depends upon the data 
10 rates of the output data links 62, 63, and 64. 

In the present invention, the occupancy ratings 70, 71 and 72 of the output port queue 
65 for each output port 59, 60 and 61 are used, as will be explained, to select appropriate 
connections for cell transfers. In the example switch configuration of Figs. 1 and 2, arbiter 90 
keeps track of how many OC cells are queued in the output buffers of each output port queue 
! 5 65 for each output port 59, 60 and 6 1 . In other words, the arbiter maintains the occupancy 
rating of each output port in the network device. The output queue with the lowest number of 
OC cells waiting to be sent from the network device is designated within the arbiter 90 as the 
output port with the least occupancy or lowest occupancy rating. In Fig. 2, output port 59 has 
the lowest occupancy rating 70 of one, since only one output cell is queued. 
20 The occupancy ratings 70, 7 1 and 72 are shown in each output port 59, 60 and 6 1 for 

ease of description. The invention is not limited to maintaining these occupancy ratings 
within the output ports or within the arbiter. However, in preferred embodiments, the 
occupancy ratings are maintained within the arbiter itself. 

As noted previously, the speed at which the LOOFA algorithm operates within the 
25 arbiter 90 determines the speed of the switch fabric. In LOOFA, the network device 
arbitration and cell transfer operation is usually broken into time slots, as illustrated 
conceptually in the example timing diagram of a network device shown in Fig. 19. It should 
be noted that LOOFA can be generalized to deeper pipelines, thus obtaining higher 
throughput. According to this example timing diagram, a single time slot, such as example 
30 time slot 27, represents the period of time for the arrival rate of a single cell into one of the 
virtual output queues of an input port. 
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In a single time slot according to an embodiment of the invention using this timing 
diagram, the arbiter running LOOFA can transfer twice as many cells across the switch fabric 
as the number that arrive at the virtual output queues. Thus, the arbiter operates the switch 
fabric at a speedup of at least two. 
5 To achieve this, each time slot 27 and 28 is broken into multiple phases 29 and 30, and 

3 1 and 32, respectively. In each phase 29 through 32, arbitration occurs as well as cell 
transfer. Arbitration, illustrated by processing blocks 20 through 23 in Fig. 19, refers to the 
setup of connections between input and output ports. Cell transfer, illustrated by processing 
blocks 24, 25 and 26, is the process of actually transferring the cells across the switch fabric 
10 of the network device between the input and output ports. 

Accordingly, a phase defines the period of time in which as many input and output 
ports are matched as possible (arbitration) while at the same time, one group of cell transfers 
takes place (transfer) for connection matches made in the previous phase. For example, 
during the initial phase 29 of network device operation, only the first arbitration 20 takes 
15 place as input-output port connections are initially setup. After that, in each successive phase 
30, 31, 32, etc., cell transfers take place (transfers 24, 25, 26, etc.) for the connections that 
were established in the previous phase, while at the same time, arbitration takes place 
(arbitrate blocks 20, 21, 22, 23, etc.) in order to set up the next group of connections to be 
transferred in the next phase, as indicated by the arrows in Fig. 19. 
20 Thus, arbitration and cell transfer occur in parallel with each other in a phase. Since 

two phases occur in each time slot, two cells are transferred from each input port, one cell in 
each phase, for every one that arrives at the input port in a single time slot. Two phases per 
time slot thus provides a speedup of two in the switch fabric. 

Within a single arbitration process (20 through 23) of a phase, multiple iterations of 
25 LOOFA occur. One iteration of a phase is one attempt by the arbiter running LOOFA to 
match as many input port virtual output queues with output ports. More specifically, an 
iteration of the arbitration portion of a phase is one output selection process followed with one 
input selection process. It may take multiple iterations of LOOFA until no more matches can 
be made between input and output ports, at which point the arbitration portion of that phase is 
30 complete. The cell transfer portion occurs simultaneously with arbitration. 

Conceptually, the general operation of a phase of the arbiter running LOOFA 
according to this invention comprises the following five steps: 
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Step 
Step 



Initially, all input ports and output ports are unmatched. 
Each unmatched input port selects the virtual output queue going to an 
unmatched output port with the lowest occupancy rating, and generates a 
request for that output port. (Output Selection) 



5 Step 3. The output port(s), upon receiving requests from one or more input port(s), 



and output ports. (Perform multiple iterations until all ports matched) 
l o Step 5. Transfer cells to complete this phase and repeat entire process beginning at 
Step 1. 

Each execution of steps 1 through 5 in the arbiter occurs within one cell transfer phase 
to define the state of the switch fabric for the next cell transfer phase. In the present 
invention, at least two phases are executed in a time slot, where a time slot is measured by the 

15 maximum arrival rate of cells at the top of the virtual output queues of the input ports. 

Accordingly, by executing LOOFA twice in one time slot, a speedup of two is realized in the 
switch fabric, thus potentially transferring twice as many cells across the switch fabric as can 
arrive at the virtual output queues of the input ports. LOOFA is optimal in terms of attainable 
speedup. That is, generally, a speedup of two is necessary and sufficient to provide the work 

20 conserving property when using LOOFA. 

Fig. 20 illustrates the general processing steps performed by the network device during 
each time slot. As shown in Fig. 20, in step 300, the cell arrives at an input port and phase 
and iteration variables are initialized to zero. Then, in steps 301 and 302, the output and input 
selection processes take place, which are equivalent to steps 2 and 3 of LOOFA, as discussed 

25 above. Step 303 then determines if the iteration counter has exceeded the maximum 

iterations. If the maximum number of iterations has not been exceeded, steps 301 and 302 are 
repeated. If the maximum iterations of output and input selection have taken place, step 304 
transfers the cells across the switch fabric and step 305 increments the phase counter (i.e., 
from zero to one in the first phase). Then, in step 306, if the phase counter is less than two, 

30 which it will be during the first phase, steps 301 through 305 are repeated for the second 
phase. If the phase counter is equal to or greater than 2, then step 307 is processed at which 
point cell departures from the network device occur and the occupancy of the output ports is 



Step 



4. 



selects one input port according to an input selection algorithm, and generates a 
grant for that input port. (Input Selection) 

Repeat steps 2 and 3 until no more matches may be made between any input 
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updated. Accordingly, in each phase of LOOFA, a cell transfer takes place, and in a time slot, 
a cell departure from the output port buffer takes place. 

There are two variations of the general LOOFA algorithm stated above and in steps 1 
through 5. The two versions of LOOFA are referred to as greedy and non-greedy. The greedy 
5 and non-greedy distinction is made in the output selection process (Step 2), and affects which 
input ports are "allowed" to make requests to output ports. 

To illustrate an example operation of LOOFA and to highlight the distinctions 
between the greedy and non-greedy versions, reference is made to Figs. 3 through 1 3 which 
are abstracted as requests and grants between ports. Requests and grants, such as request 1 20 
10 for example in Fig. 3, are shown by arrows in the figures, but, depending upon 

implementation details, embodied in a single variable setting or a message, for example, sent 
between functions within the arbiter 90 itself. 

Fig. 3 conceptually shows greedy LOOFA requests. In greedy LOOFA, if any input 
port has any cells queued in any virtual output queue, indicating that those virtual output 
15 queues are active, the arbiter 90 can generate a request for that input port in the current 

iteration of the phase. More specifically, the request will be generated for the output port that 
has the lowest occupancy rating corresponding to one of the active virtual output queues in 
that input port. 



20 will cause a request to be generated, even if none of the active virtual output queues happen to 
correspond with the single output port having the lowest occupancy rating across the switch. 

In the example in Fig. 3, request 120 is shown being generated from virtual output 
queue 56 in input port 50 to output port 59, since when selecting between the only two active 
virtual output queues 56 and 57 in input port 50, the arbiter 90 determines that virtual output 

25 queue 56 corresponds to output port 59 that has the lower occupancy rating between the two 
(occupancy ratings 70 and 71, having ratings of one and three, respectively, as shown in Fig. 
3). Likewise, request 121 is drawn from virtual output queue 56 in input port 52 to output 
port 59, since when choosing between all three active virtual output queues 56, 57 and 58 in 
input port 52 ? the arbiter 90 always generates the request for the active virtual output queue 

30 corresponding to the unmatched output port having the lowest occupancy rating. That is, 
since in input port 52, every virtual output queue 56, 57 and 58 is active (all have outgoing 
cells ICs), each output port 59, 60 and 61 is available to receive a request, but the arbiter 90 



Hence, in greedy LOOFA, all input ports with at least one active virtual output queue 
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only selects the output port associated with the active virtual output queues having the lowest 
occupancy rating, which is output port 59 having occupancy rating 70 of one) in this example. 
Thus, for the first iteration of the current phase, greedy LOOFA generates requests 120, 121 
and 122. 

5 Fig. 4 illustrates the distinction between greedy and non-greedy versions of LOOFA. 

In Fig. 4, an arbiter 90 running the non-greedy LOOFA algorithm only makes a request from 
an unmatched input port during an iteration of a phase if that input port's virtual output queue 
corresponding to the lowest occupancy unmatched output port is active. Thus, as drawn Fig. 
4, only unmatched input ports 50 and 52 prompt the generation of requests 123 and 124, each 
10 associated with the respective virtual output queue 56, since only within these input ports is 
virtual output queue 56 active, which corresponds to unmatched output port 59, having the 
lowest occupancy rating of all unmatched output ports. In the non-greedy request example in 
Fig. 4, input port 51 does not make a request, since virtual output queue 56 in input port 5 1 is 
inactive, having no cells to send. 
1 5 After the greedy and non-greedy requests of Figs. 3 and 4 have been made, step 2 of 

LOOFA, output selection, is complete. Once some or all of the unmatched output ports have 
received one or more associated requests and output selection is over, those unmatched output 
ports are then matched to a requesting input port via the input selection process. As shown in 
both the greedy and non-greedy versions of LOOFA in Figs. 3 and 4, certain unmatched 
20 output ports may happen to have more than one associated request, indicating that more than 
one unmatched input port has IC cells for that output port. The arbiter 90 determines, during 
input selection, which input ports get paired and hence matched with which output ports 
during this iteration of the current phase. This is conceptually done in the figures by showing 
the output ports "sending" a grant to the chosen input port, as shown in Figs. 5 and 6, which 
25 correspond to Figs. 3 and 4, respectively. 

Fig. 5 shows the results of the greedy input selection process (Step 3 of LOOFA), 
based upon the requests generated in the previous description of Fig. 3. Since unmatched 
output port 61 in Fig. 3 received only one request from input port 51, the input selection 
process of step 3 of LOOFA will match these two ports without complication. However, 
30 since in Fig. 3, unmatched output port 59 received two requests, one each from input ports 50 
and 52, the arbiter 90 must decide which request 120 or 121 will receive a corresponding 
grant. In other words, the arbiter must decide which input port 50 or 52 will be allowed to 
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transfer its cell to output port 59 in this phase. The decision marks the pairs of input and 
output ports as matched, and removes them from consideration in the next iteration, as will be 
explained. 

The arbiter makes the input selection decision for an output port receiving multiple 
5 requests based on an input selection algorithm. Various input selection algorithms may be 
used, such as a circular round-robin selection algorithm, a Last Service Time algorithm, or an 
Oldest Cell First algorithm, or others. In Fig. 5, the arbiter 90, according to the input selection 
algorithm in use, matches output port 59 with requesting input port 50 as shown by grant 125, 
and matches output port 61 with requesting input port 51 via grant 126. Once all matches are 

10 made, the iteration is over. Thus, after the first iteration of the greedy version of LOOFA, two 
pairs of input and output ports are matched. Greedy LOOFA is called "greedy 11 since more 
than one pair of ports may be matched in an iteration of a phase. 

Fig. 6 shows the matching performed by the non-greedy version of LOOFA (also Step 
3 of LOOFA), based upon the example non-greedy requests illustrated in example Fig. 4. As 

15 in the greedy input selection process explained above, the non-greedy input selection process 
is similar. However, remember that during the non-greedy output selection process (Step 2), 
the only output port to ever receive requests in any one iteration is the one singular unmatched 
output port having the lowest occupancy rating across the switch. Thus, during the non- 
greedy input selection process (step 3), the only output port that needs to grant permission to a 

20 requesting input port to transmit a cell is the lowest occupancy output port. The decision is 
still performed with an input selection algorithm however. 

In the example non-greedy requests shown in Fig. 4, output port 59 had the lowest 
occupancy rating and received all of its requests from input ports having cells destined for this 
unmatched output port. Accordingly, in Fig. 6 showing the non-greedy grants generated in 

25 response to the requests of Fig. 4, only input port 50 is matched with output port 59, as shown 
by grant 127. Once all the ports are paired or matched at the end of the iteration, those ports 
are removed from further output and input selection iterations by being marked as matched. 

After steps 2 and 3 of LOOFA have been processed for one iteration in either the 
greedy and non-greedy versions of LOOFA, steps 2 and 3 are repeated for that version of 

30 LOOFA via step 4, until no more input and output ports may be matched. Note that typically, 
at each iteration in both the greedy and non-greedy versions, the number of unmatched input 
and output ports diminishes. For example, in one iteration of non-greedy output and input 
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20 



25 



selection, only the lowest occupancy output port will receive one or more requests and will be 
matched with one of the requesting input ports. Then, during the next iteration, this input and 
output port pair is not used in either selection process since it was previously marked as 
matched. Accordingly, some other unmatched output port will be the one with the lowest 
occupancy rating for the next iteration and will receive requests from unmatched input ports 
and then will select one requesting input port with which to be matched. The iterations in 
both versions repeat until no more matches may be made. 

For completeness, Figs. 7 through 13 illustrate the remaining iterations of both the 
greedy (Figs. 7 and 8) and non-greedy (Figs. 9 through 12) LOOFA examples. Fig. 13 shows 
the cell transfers that take place after all matches have been made according to both versions 
of LOOFA. 

In Fig. 7, the second iteration of greedy requests (step 2 of LOOFA) is shown. Since 
in Fig. 5, input ports 50 and 51 were respectively matched with output ports 59 and 61, the 
only remaining unmatched input and output ports remaining in Fig. 7 are input port 52 and 
output port 60. Since input port 52 has at least one cell waiting in virtual output queue 57 
(i.e., virtual output queue 57 is active) which corresponds to output port 60 and output port 60 
has the lowest occupancy rating of any remaining unmatched output ports, the arbiter 
generates request 128, as illustrated from input port 52 to output port 60. In Fig. 8, illustrating 
the second iteration of greedy input selection grants (step 3 of LOOFA), input port 52 is 
granted permission to send its cell to output port 60 by the arbiter 90 according to the input 
selection algorithm, as shown by grant 129. At this point in greedy LOOFA, after the grant in 
Fig. 8 is processed, all input and output ports have been matched, and the end of the phase 
(step 5) will be processed, as will be explained shortly. 

Figs. 9 through 12 show the remaining output and input selection steps for the 
remaining iterations of the non-greedy LOOFA algorithm, as last discussed with respect to 
Fig. 6. Since in Fig. 6, output port 59 granted input port 50 permission to transfer a cell, these 
two ports were matched. Hence, in Fig. 9, only input ports 51 and 52 and output ports 60 and 
61 remain unmatched. 

Accordingly, during the second iteration of non-greedy output selection requests (step 
2) as illustrated in Fig. 9, since both input pots 5 1 and 52 each have IC cells active in virtual 
output queue 58 destined for the lowest rated occupancy output port 61 , which has an 
occupancy rating 72 of two (versus the occupancy rating 71 of three for output port 60), each 
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unmatched input port 51 and 52 has a request (requests 130 and 131) generated for output port 
6L as illustrated in the figure. Next, as shown in Fig. 10, the second iteration of non-greedy 
input selection grants takes place and output port 61 has one of input ports 51 or 52 selected 
by the arbiter 90 according to an input selection algorithm. In the example in Fig. 10, the 
5 arbiter 90 selects input port 5 1 , and generates a grant 132 for input port 5 1 . The arbiter thus 
matches input port 5 1 with output port 61. Again, the arbiter typically makes these 
calculations for requests and grants internally according to an input selection algorithm. 

In Fig. 1 1 , only input port 52 and output port 60 remain unmatched for the third and 
final iteration of non-greedy LOOFA. Accordingly, Fig. 1 1 shows the request 133 generated 

10 for output port 60 from input port 52, since input port 52 had an IC cell queued-up in virtual 
output queue 57 that was destined for output port 60, and output port 60, being the last and 
only unmatched output port, had the lowest occupancy rating. Fig. 12 then shows that output 
port 60 generates a grant 1 34 for input port 52, since output port 60 only received the single 
request (1 33 in Fig. 1 1 ) from input port 52. After the grant 134 in Fig. 12 is generated by the 

15 arbiter 90, the arbiter hxs matched each input port to an output port according to the non- 
greedy version of LOOFA. 

As such, it should be understood that non-greedy LOOFA requires at least N iterations 
in order to pair each input port with an output port, where N is the number of input ports. 
This is because in non-greedy LOOFA, only one match is made per iteration since only the 

20 single output port with the lowest occupancy rating receives requests and accordingly may 
only return one grant per iteration. Conversely, greedy LOOFA allows the arbiter to pair up 
potentially more than one set of input and output ports, as shown in the previous example. 
Thus, in greedy LOOFA, less than N iterations of output and input selection typically occur 
before no more matches can be made. It has been empirically observed that using the greedy 

25 version of the algorithm operating with a speedup of 2, there are no new connections that get 
made beyond the third iteration. 

Once no more input ports can be matched to output ports, the iterations of the phase 
are complete. Cell transfers take place between the matched input and output ports (Step 5 of 
LOOFA) during the next phase, in which arbitration for the subsequent share begins. Cell 

30 transfer refers to the arbiter 90 signaling to the matched input ports to send one cell across the 
appropriate channel 80 through 88 in switch fabric 89 to the corresponding matched output 
port. 



BNSDOCID: <WO 9940754A1_I_> 



WO 99/40754 PCT/US99/02921 

-20- 

Fig. 13 shows the cell transfers that take place according to both examples of the 
greedy and non-greedy versions of the LOOFA algorithm. In Fig. 13, during the step 5 cell 
transfer operation of LOOFA, input port 50 will transfer one cell from virtual output queue 56 
to the output port queue 65 of output port 59, input port 51 will transfer one cell from virtual 
5 output queue 58 to the output port queue 65 of output port 61 , and finally, input port 52 will 
transfer one cell from virtual output queue 57 to the output port queue 65 of output port 60. 
After the cells have been transferred as shown in Fig. 13, the current phase of the current time 
slot in LOOFA is completed. 

It is noted that the cell transfers for the greedy and non-greedy versions of LOOFA 
10 will typically be different especially when more ports contend to transfer over the fabric. 

As noted above with respect to both greedy and non-greedy versions of LOOFA, 
during the input selection process, if more than one request is generated by the arbiter for a 
single output port, the arbiter must chose between two or more input ports from which to 
generate a grant and therefore receive a packet at the end of the current phase. This decision 
15 is made based upon the choice of input selection algorithm noted earlier. The arbiter uses the 
input selection algorithm to chose which input port gets a grant from an output port when 
more than one input port requests to send a cell to that output port. 

The input selection algorithm may be performed in a variety of ways, each of which is 
within the scope of this invention. 

When an output port has multiple requests from various input ports, but the arbiter 
may only generate a single grant for one of the input ports, the choice of implementation of 
the input selection algorithm (i.e., used in step 3 of LOOFA) will affect the fairness and delay 
properties of packets passing through the network device. 

Fairness may be partially affected based on the input selection algorithm used, as well 
25 as other factors which will be discussed later. Generally, fairness refers to the 

cvenhandcdness to which grants arc generated for each entity contending for the network 
device's resources. The resource of a network device (e.g., router, switch) is the output port. 
An example of an entity is an input port. Fairness affects how fair the network device is to 
certain input ports in relation to other input ports that are waiting to transmit cells to the same 
30 output port. Fairness may be important in quality of service situations where a certain input 
data link for an input port is guaranteed a certain data rate. If the arbiter favors generating 
grants for this input port, the fairness of the switch may be altered to increase data rates for 



20 
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cells from that input port and therefore may move more data packets from the corresponding 
input data link. 

One input selection algorithm that may be used to decide which one among many 
requesting input ports gets a grant from an output port is referred to as a circular or Round- 
5 Robin input selection algorithm. In the round-robin input selection algorithm, the arbiter, for 
example, keeps a round-robin pointer to input port numbers for each output port. Fig. 14 
conceptually illustrates an example of a network device 49 including output ports 59, 60 and 
61 , each equipped with a round-robin pointer 1 50, 1 5 1 , and 1 52, respectively. Each round- 
robin pointer 150, 1 5 1 and 1 52 contains an indication of the current input port to which a 

10 grant should be sent, in the event of receiving multiple requests. That is, in step 3 of LOOFA, 
when the arbiter 90 must decide, for an output port, which of multiple requesting input ports 
50, 51 or 52 gets a grant, the round-robin pointer is consulted for the requesting input port 
which is next in turn. In the invention, the round-robin pointer is maintained as a counter 
within the arbiter or elsewhere. 

15 The round-robin pointer is shown within each output port in the figure for ease of 

description and association with the invention only, and is not meant to limit the invention as 
such. Moreover, occupancy characteristics and virtual output queue information and other 
input and output port statistical information may all be maintained with the arbiter. The 
figures are conceptual in nature and do not limit the invention to embodiments illustrated 



For an example of round-robin input selection, suppose output port 60 received 
requests from input ports 50, 5 1 and 52. Using the round-robin algorithm for the input 
selection process in step 3 of LOOFA, input port 50 would be selected as the input port to 
receive the grant from output port 60, since the round-robin pointer 151 for this output port 

25 contains the input port number 50. After the grant is sent, the round-robin pointer 1 5 1 would 
be incremented by one to input port 51. If a round-robin pointer identifies an input port which 
did not send a request, but the output port received multiple requests during step 2 of LOOFA, 
then the round-robin pointer for that output port would be incremented until its value was 
equal to one of the requesting input ports. In this manner, requesting input ports may be fairly 

30 selected. 

Another input selection algorithm that may be used in step 3 of LOOFA is referred to 
as a random input selection algorithm. As its name implies, this simple algorithm allows 



20 therein. 
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random selection of an input port to receive a grant when more than one input port requests to 
send a cell to an output port. In operation, the arbiter, when scheduling cell transfers, 
randomly chooses which single input port, from the many requesting to send a cell, will get 
the grant. Various weighted random selection algorithms may be used as well, in place of a 
5 purely random selection process. The random algorithm and its variants are not illustrated in 
the drawings, due to their simplistic nature and random operation. 

Another input selection algorithm that may be used in step 3 of LOOFA is referred to 
as the Last Service Time algorithm. Fig. 15 illustrates a network device configured to use the 
Last Service Time algorithm. The last service time is maintained for each VOQ (i.e., each 

10 input, output pair). The time stamp indicates the last time this VOQ was able to send a cell. 
So the arbiter has to maintain N 2 time stamps: one each for each VOQ. After the cell gets 
transferred from a VOQ, the last service time for the VOQ gets updated to the current time. 

As an example, suppose in Fig. 15 that output port 60 receives a request from all three 
input ports 50. 5 1 . and 52 during step 2 of LOOFA. In step 3 of LOOFA, using the Last 

15 Service Time input selection algorithm, the arbiter 90 would consult the time stamps 153, 154 
and 155 of each of these input ports for their time stamp values. A time stamp value indicates 
how much time has passed since that input port has transferred a cell across the switch fabric 
89. The arbiter 90 would generate a grant for the input port having the highest time stamp, in 
this example input port 51, since input port 51 has been waiting the longest of the requesting 

20 input ports to transfer a cell, as indicated by its time stamp 154 having a value of 9. Using 

Last Service Time, input ports that have not recently sent cells will be favored over input ports 
that have recently sent cells across the switch fabric. 

Fig. 1 6 illustrates a network device configured for yet another input selection 
algorithm that may be used in step 3 of LOOFA, referred to as Oldest Cell First. Using this 

25 algorithm, the network device can keep track of the lifetime of each cell queued in virtual 
output queues of each input port. As shown in Fig. 16, each input buffer having a queued 
input cell indicates the time stamp of that cell as a numerical value in the cell input buffers. 
For example, in input port 52 in Fig. 16, the head cell of virtual output queue 56 (input buffer 
position "d" from Fig. 1) has a time stamp of 15, while the head cell of virtual output queue 57 

30 has a time stamp or 03, and finally, the head cell of virtual output queue 58 has a time stamp 
of 01 . The higher the time stamp number, the older the cell. In other words, the higher the 
time stamp, the longer the cell has been queued. In an implementation of the invention using 
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Oldest Cell First as an input selection algorithm, upon cell arrival in a VOQ, the cell, or the 
pointer to the cell maintained in the arbiter, is tagged with the current time stamp, indicating 
the time of cell arrival. 

In Oldest Cell First, when an output port receives more than one request from input 
5 ports, the arbiter 90 can then chose which input port gets the corresponding grant based on the 
individual cell time stamps of the cell to be transferred from each requesting input port. In 
this manner, each request sent in step 2 of LOOFA includes a cell time stamp indication 
corresponding to the age of the cell that will be transmitted should that requesting input port 
receive the grant (i.e., requesting input ports with a cell waiting). 

lo For example, in Fig. 16, if output port 59 received a request from input ports 50 and 52 

during step 2 of LOOFA, using Oldest Cell First, the cells would have time stamps of 10 and 
1 5, respectively. Then, in step 3 during input selection, the arbiter 90 would generate the 
grant for input port 52, since the cell from virtual output queue 56 in input port 52 had the 
oldest time stamp value of 1 5, as compared to the time stamp of 10 for the other request 

15 received from input port 50. 

Generally, in Oldest Cell First, of all requests received at the output port, the 
requesting input port that contains the cell that has been in the network device for the longest 
time will be granted permission to be transferred across the switch fabric, since the requests 
will indicate that the corresponding cell is the oldest. That is, the request will contains the 

20 time stamp of the cell as part of the request. The Oldest Cell First input selection algorithm 
improves the delay properties of the network device by ensuring that no cell is queued much 
longer than any other. 

It is noted here that in this invention, if the input selection algorithm used in the 
network device is either oldest cell first, or last service time, when the request is sent from the 

25 input port to the output port, a time stamp is included within the request. In the case of oldest 
cell first, the time stamp indicates the time of cell arrival; in the case of last service time, the 
time stamp indicates the last time that VOQ sent a cell. 

As noted previously, this invention is concerned with, among other things, two 
important metrics; work-conservation and fairness. If a network designer using this invention 

30 is only concerned about throughput and data link utilization, the data in the output ports of a 
network device operating using LOOFA can be arranged simply in a First In, First Out (FIFO) 
manner, as shown in each of output port 59, 60 and 61 in Figs. 1 through 16. In these 
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embodiments, whenever the output data link 62, 63 or 64 is available to receive data for 
transmission onto the network, the head of the output buffer 65, labeled as position 'd' in Figs. 
1 through 16, is selected from the FIFO queue and transferred onto the network data link. 
This simple dequeueing operation is performed for each data link for each output port, as fast 
5 as the data link can accept and send the data. 

However, if the network designer using this invention, in addition to work- 
conservation, requires fairness for data transferred through the network device, the data in the 
output ports of the network device operating using LOOFA can be stored in random access 
buffers, and the pointers to the data are stored in the respective virtual input queues (VIQs). 

10 Output ports with VIQs have a bank of queues, one per input port. As will be explained, 
virtual input queues allow each of the previously mentioned input selection algorithms to 
increase fairness for the network device. 

Fig. 17 illustrates an example network device architecture that uses virtual input 
queues 101, 102 and 103 within output ports 59, 60 and 61. A virtual input queue structure 

15 which buffers data in the output ports is very similar to the virtual output queues of the input 
ports. There is one virtual input queue 101, 102 and 103 in each output port 59, 60 and 61 
that corresponds with each input port 50, 5 1 and 52. The arbiter 90 maintains a pointer (not 
shown) to the head of each virtual input queue in each output port, and is therefore aware of 
each virtual input queue's occupancy rating. 

20 Whenever a cell is transferred across the switch fabric 89 of a network device 49 using 

virtual input queues in output ports, the input port (i.e. the source) from which that cell was 
transferred is determined and the cell is placed into that input ports corresponding virtual 
input queue upon arrival at that output port. The source input port may be determined from 
header information within the cell itself, for example. For example, in Fig. 17, since virtual 

25 input queue 1 02 corresponds to input port 5 1 , all OC cells queued in virtual input queue 1 02 
during operation will have been sent from input port 5 1 . 

Whenever an output data link 62, 63 or 64 is available to accept data for transmission 
from the network device 49 onto the network (not shown), the data link 62, 63 or 64 can select 
data from the next virtual input queue 101, 102 or 103 for each output port 59, 60 and 61, 

30 according to, for example, a round-robin selection algorithm. The data or cell pointed to by 
the head of the selected virtual input queue is then transmitted onto the output data link 62, 63 
or 64. 
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Accordingly, in each of the aforementioned input selection algorithms, using virtual 
input queues in the output ports increases fairness for data transferred through the network 
device. 

Aside from the previously discussed input selection algorithms used with LOOFA, 
5 another input selection algorithm may be used according to this invention that is generally 
only applicable to embodiments of the invention that use virtual input queues, such as the 
embodiment illustrated in Fig. 17. This input selection algorithm is referred to as "Shortest 
Queue First". 



10 an output port, such as output port 60 in Fig. 1 7, receives requests from more than one input 
port, such as from each of input ports 50, 51 and 52 in Fig. 17, the output port 60 examines 
each of its virtual input queues 101, 102 and 103 to determine which has the shortest 
corresponding virtual input queue. The input port having the shortest corresponding virtual 
input queue will be the input port which receives the grant to transmit a cell to the output port. 



In the example being discussed with respect to Fig. 17, VIQ 101 corresponding to 
requesting input port 50 has a VIQ queue length or occupancy characteristic (indicated by the 
OC cells in each VIQ in Fig. 17) of one, VIQ 102 corresponding to input port 51 has a queue 
length of three, and VIQ 103 corresponding to input port 52 has a queue length of four OC 
20 cells. Accordingly, since VIQ 101 is the shortest, input port 50 corresponding to this VIQ 
gets the grant. 

Table 1 summarizes the features of the different input selection algorithms that may be 
used by the arbiter of the invention when determining which input ports receives a grant from 
an output port that has multiple requests from those input ports. Note that if two input ports 
25 requesting have a tie, for example, have equal length virtual input queues, then the tie is 
broken arbitrarily. 



In the Shortest Queue First input selection algorithm according to this invention, when 



15 
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INPUT SELECTION ALGORITHM 


OUTPUT PORT PROCESSING FOR 
SELECTING WHICH INPUT PORT 


OF MANY REQUESTING INPUT 
PORTS GETS GRANT 


Round-Robin 


Output port 'picks' the first 'requesting 1 
input port which is pointed to by round- 
robin pointer, or next input port number 
after round-robin pointer 


Oldest Cell First, and 
Last Service Time 


Output port 'picks' the 'requesting' input 
port with the oldest time stamp sent 
along with the request 


Random 


Output port randomly 'picks' an input 
port from one of the requesting input 
ports. 


Shortest Queue First 


Output port 'picks' the requesting input 
port whose Virtual Input Queue (VIQ) in 
this output port has the shortest queue 
length. 



TABLE 1: INPUT SELECTION ALGORITHM/OUTPUT PORT ACTION 

In the previous discussion of the invention, the LOOFA arbitration algorithm can 
operate at all times on all input and output ports having data to be transferred across the 
switch fabric. That is, during arbitration, all input and output ports can take part in arbitration, 
so long as data or cells are present to be sent. However, under certain heavy load conditions, 
when large amounts of data are present in the network, flow control may be required and used 
within the network device of this invention to control the amount of data input by any one 
input port through the switch fabric to an output port. 

Generally, each output port is responsible for turning on or off flow control to one or 
more input ports that are providing too many packets to that output port. As such, to 
implement flow control within a network device according to the invention, generally, the 
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arbiter, as previously discussed, tracks the occupancy rating of either the single FIFO output 
buffers (e.g. 65 in Figs. 1 through 16) or the virtual input queues (e.g. 102, 102 and 103 in 
Fig. 17) in each output port. When either a FIFO occupancy rating, or a VIQ occupancy 
rating becomes too high, the output port turns on flow control for either all input ports to that 
5 output port or for just the one input port sending to an overloaded VIQ. 

For FIFO embodiments, a flow control message from an output port instructs all input 
ports to not send any more cells or requests to that output port. For VIQ embodiments, if any 
one virtual input queue in any one output port exceeds the threshold occupancy rating, flow 
control is turned on for the input port corresponding to that virtual input queue in that 
10 particular output port. As such, that input port stops sending cells and requests to that output 
port. 

Thus, in this invention, flow control can be used to effectively deactivate entire output 
ports or an individual output port's virtual input queue for a number of successive iterations of 
the LOOFA algorithm, in order for the data queued in the overloaded FIFO or VIQ to be 

15 unloaded onto the network. Flow control for an input port may be turned off when the 

number of cells in either the overloaded FIFO or the VIQ drops below the threshold level, as 
determined by the arbiter. 

Generally, in the above described embodiments of the invention, requests generated by 
the arbiter for input ports and grants generated by the arbiter for output ports are contained 

20 and maintained within the arbiter itself. That is, the bulk of the input-output port connection 
decision making processing of Figs. 3 through 13 is performed internally within the arbiter 
processing device 90. The figures show the occupancy rating and, for example, round-robin 
pointer values, but those numbers are maintained within data structures or as registers within 
the arbiter 90. For example, bit vectors may be used within the arbiter as a means for tracking 

25 requests and grants within the arbiter. 

More specifically, during the output selection processing of step 2 in LOOFA, each 
input port sends a virtual output queue bit vector that indicates which virtual output queues in 
that input port have a cell queued to send to an output port, where each bit position in the bit 
vector represents a virtual output queue and output port paired association. The arbiter then 

30 uses each virtual output queue bit vector from input ports to set a single request bit in a 

request bit vector in the bit position of the lowest occupancy output port. Each bit set in the 
request bit vector for an output port identifies an input port requesting to send a packet to that 
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output port. Then, the arbiter, using the round-robin pointer for example, selects one of those 
request bit positions in the request bit vector for each output port to represent the input port 
that will get the grant. The arbiter then sets up a grant bit vector for each input port, with a bit 
set in the single virtual output queue position for that input port corresponding to the output 

5 port giving the grant. If no bits are set in the grant bit vector corresponding to an input port, 
then no grant was given to that input port. The bit vectors may be quickly sent between the 
arbiter and the input and output ports to communicate the necessary information about 
requests, grants and then cell transfers. In this manner, the arbiter quickly determines and 
processes requests and grants. 

10 In yet another embodiment, the requests and grants do not actually exist as real 

messages at all. That is, the arbiter is a microprocessor running the LOOFA algorithm in 
software which performs most of the processing functionality of steps 1 through 5 of LOOFA 
internally using data structures and variables. In such an embodiment, the arbiter completes 
the processing of a phase of LOOFA, and determines which input ports should send cells to 

15 which output ports (i.e., the matched input-output pairs), the arbiter signals to the appropriate 
input ports to transmit certain cells at the appropriate time. The microprocessor obtains input 
data to track cell arrivals in virtual output queues and cells that are dequeued from output port 
queues, in order to keep the calculations accurate. 



20 within the arbiter in software or hardware. The virtual output queue activity is signaled 
internally to the arbiter via the input control lines (i.e., lines 91, 92 and 93 in Figs. 1-17). 
Similarly, the output port activity is signaled on lines 94-96. Keeping as much processing 
functionality of the invention within the arbiter increases the processing operation of the 
output and input selection portions of LOOFA, thus allowing faster switching of cells and 
25 therefore packets through the network device. 

Using a speedup of two for the switch fabric, in conjunction with the novel LOOFA 
arbitration algorithm, provides a network device that is work conserving for all loads and that 
is equivalent in performance to a benchmark output buffered switch requiring much greater 
speedup of the switch fabric. Generally, a speedup of two may be realized by operating the 
30 switch fabric via the arbiter at twice the speed of the input ports, as explained previously. 

That is, the arbiter performs the same connection set-up tasks as required for a speedup of one, 
but in one-half the time. This results in accomplishing twice as many packet transfers across 



The occupancy ratings of each output port's output port queue are kept internally 
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The arbiter of claim 47, wherein the selection of the virtual output queue is made only 
if an output port having a lowest occupancy rating of all output ports in the network 
device corresponds to an active virtual output queue within the input port. 

The arbiter of claim 47, wherein the selection of the virtual output queue is made 
based on an output port having a lowest occupancy rating, as selected from a set of 
output ports corresponding only to active virtual output queues within the input port. 
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44. The method of claim 39, wherein the input port selection algorithm used an Oldest 
Cell First input port selection algorithm. 

45. The method of claim 44, further comprising: 

maintaining a time stamp for each cell of a packet; and 

selecting an unmatched input port according to a request received, where said 
request is associated with a cell having an oldest time stamp. 

46. The method of claim 30, further including the step of maintaining, for each output 
port, a flow control status which is turned on when the number of queued cells in a 
portion of the output buffer for that output port exceeds a threshold, such that one or 
more input ports do not send cells to that output port. 

47. An arbiter for a network device that operates the network device in a work conserving 
manner, comprising: 

an output selector that selects a virtual output queue of an input port of the 
network device that has data for an output port of the network device, wherein the 
selection of the virtual output queue is based upon which virtual output queue 
corresponds to an output port having a lowest occupancy rating, and wherein the 
output selector includes a means for sending a request to the selected output port; 

an input selector the selects an input port that is to send data to the selected 
output port, wherein the selection of the input port is based upon an input port 
selection algorithm that chooses between one or more input ports represented by 
requests sent from the output selector; 

means for signaling to the input and output ports of the network device to 
transmit cells across a switch fabric of the network device; and 

wherein the output selector and the input selector and the means for signaling 
operate at a processing rate that allows the switch fabric to maintain a speedup of 
twice that of an incoming data rate for the input ports of the network device. 
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selecting an unmatched input port according to a request received, where said 
request is associated with a cell having an oldest time stamp. 

The method of claim 3 1, wherein the input port selection algorithm used is a Shortest 
Queue First input port selection algorithm that bases input port selection based upon 
an occupancy rating of virtual input queues associated with input ports requesting to 
send data to an output port. 

The method of claim 30, wherein the step of selecting a virtual output queue for a 
specific unmatched input port selects the virtual output queue corresponding to any 
unmatched output port having a lowest occupancy characteristic within a set of all 
unmatched output ports corresponding to active virtual output queues within that 
unmatched input port. 

The method of claim 39, wherein the input port selection algorithm used is a round- 
robin input port selection algorithm. 

The method of claim 40, further comprising: 

maintaining an indication of a previously selected input port; and 
selecting an unmatched input port according to a next input port indicated 

within the input port requests received in relation to a previously selected input port. 

The method of claim 39, wherein the input port selection algorithm used is a last 
service input port selection algorithm. 

The method of claim 42, further comprising: 

maintaining, for each virtual output queue, a time-stamp of a last time that 
virtual output queue transferred a data packet from its associated input port to an 
output port; and 

selecting an unmatched input port according to an oldest time-stamp of all 
input ports corresponding to input port requests received. 
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unmatched output port having the lowest occupancy characteristic, thus matching the 
unmatched input port to the unmatched output port. 

The method of claim 30 ? wherein the step of selecting a virtual output queue for a 
specific unmatched input port selects a virtual output queue only if the virtual output 
queue corresponds to a single unmatched output port having a lowest occupancy 
characteristic of a set of all unmatched output ports in the network device. 

The method of claim 3 1 , wherein the input port selection algorithm used is a round- 
robin input port selection algorithm. 

The method of claim 32, further comprising: 

maintaining an indication of a previously selected input port; and 
selecting an unmatched input port according to a next input port indicated 

within the input port requests received in relation to a previously selected input port. 

The method of claim 31, wherein the input port selection algorithm used is a last 
service input port selection algorithm. 

The method of claim 34, further comprising: 

maintaining, for each virtual output queue, a time-stamp of a last time that 
virtual output queue transferred a data packet from its associated input port to an 
output port; and 

selecting an unmatched input port according to an oldest time-stamp of all 
input ports corresponding to input port requests received. 

The method of claim 31, wherein the input port selection algorithm used is an Oldest 
Cell First input port selection algorithm. 

The method of claim 36, further comprising: 

maintaining a time stamp for each cell of a packet; and 
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occupancy rating of its buffered data packets of all unmatched output ports in the data 
switching apparatus; 

and wherein the arbiter, for unmatched output ports, includes means for 
selecting an unmatched input port that will transfer a packet to an output port based on 
an input port selection algorithm, and for matching the selected unmatched input port 
with that unmatched output port. 

28. A method of switching data packets between input ports and output ports of a network 
device, the method comprising: 

receiving the data packets into the network device on input ports; 
controlling a switch fabric to prioritize transfer of the data packets from the 
input ports to output ports according to an occupancy characteristic of the output ports; 
transmitting the data packets from the network device on output ports. 

29. The method of claim 28, wherein the step of controlling a switch fabric controls the 
switch fabric such that the switch fabric has a speedup of two. 

30. The method of claim 28, wherein the input ports contain input buffers arranged into 
virtual output queues, each virtual output queue corresponding to a distinct output 
port, the method further comprising: 

detecting an occupancy characteristic of the output ports of the network device; 

selecting, for a specific unmatched input port, a virtual output queue 
corresponding to an unmatched output port having a lowest occupancy characteristic; 

generating, for the unmatched output port having the lowest occupancy 
characteristic, a request identifying the specific unmatched input port; 

selecting, for the unmatched output port having the lowest occupancy 
characteristic, an unmatched input port to be matched with that unmatched output port 
based upon an input port selection algorithm; and 

sending a grant to the unmatched input port giving permission for the 
unmatched input port to transfer a packet from its virtual output queue corresponding 
to the unmatched output port having the lowest occupancy characteristic to the 
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The data processing apparatus of claim 2, wherein the switch fabric is a non-blocking 
switch fabric. 

The data processing apparatus of claim 2, wherein the switch fabric is a crossbar 
switch fabric. 

A data switching apparatus, comprising: 

input ports for receiving data packets into the apparatus; 

output ports for transmitting the data packets from the apparatus; 

a switch fabric connecting the input ports to the output ports to allow the data 
packets to be transferred between the input ports and the output ports, wherein the 
switch fabric has bandwidth that is at least twice that of the input and output ports; 

an arbiter that controls the switch fabric to prioritize the transfer of the data 
packets from the input ports to the output ports according to an occupancy 
characteristic of the output ports. 

The data switching apparatus of claim 25, wherein: 

the arbiter, for unmatched input ports, includes means for requesting an 
unmatched output port to be matched with an input port based on which an unmatched 
output port corresponding to an active virtual output queue of that input port has a 
lowest occupancy rating of its buffered data packets of all output ports corresponding 
to active virtual output queues for that input port; 

and wherein the arbiter, for unmatched output ports, includes means for 
selecting an input port that will transfer a packet to an output port based on an input 
port selection algorithm, and for matching the selected unmatched input port with that 
unmatched output port. 

The data switching apparatus of claim 25, wherein: 

the arbiter, for unmatched input ports, includes means for requesting an 
unmatched output port to be matched with an input port, only if an unmatched output 
port corresponding to an active virtual output queue of that input port has a lowest 
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according to a next input port indicated within the input port requests received in 
relation to the previously selected input port. 

The data processing apparatus of claim 13, wherein the input selector selects the 
unmatched input port according to a Last Service Time input port selection algorithm. 

The data processing apparatus of claim 1 7, wherein: 

the input ports maintain, for each virtual output queue, a time-stamp of a last 
time each virtual output queue transferred a data packet from its associated input port 
to an output port, and time-stamp information for virtual output queues is 
communicated to the input selector; and 

wherein the input selector selects the unmatched input port from the input port 
requests received according to an oldest time-stamp. 

The data processing apparatus of claim 13, wherein the input selector selects the 
unmatched input port according to an Oldest Cell First input port selection algorithm. 

The data processing apparatus of claim 19, wherein: 

the input ports maintain a cell time stamp for cells of packets, and cell time 
stamp information for virtual output queues is communicated to the input selector; and 

wherein the input selector selects the unmatched input port from the input port 
requests received according to an oldest cell time-stamp. 

The data processing apparatus of claim 1 , wlierein the arbiter maintains, for each 
output port, a flow control status which is turned on when the number of queued cells 
in a portion of the output buffer for that output port exceeds a threshold, such that one 
or more input ports do not send cells to that output port. 

The data processing apparatus of claim 2, wherein the data processing apparatus is 
work conserving. 
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The data processing apparatus of claim 4, wherein the input selector selects the 
unmatched input port according to an Oldest Cell First input port selection algorithm. 

The data processing apparatus of claim 8, wherein: 

the input ports maintain a cell time stamp for cells of packets, and cell time 
stamp information for virtual output queues is communicated to the input selector; and 

w herein the input selector selects the unmatched input port from the input port 
requests received according to an oldest cell time-stamp. 

The data processing apparatus of claim 2, wherein the input selector selects the 
unmatched input port according to a shortest queue first input selection algorithm that 
uses virtual input queue occupancy ratings to determine input port selection. 

The data processing apparatus of claim 3, wherein the output selector selects the 
virtual output queue of the unmatched input port, wherein the virtual output queue 
selected corresponds to any unmatched output port having a lowest occupancy 
characteristic w ithin a set of all unmatched output ports corresponding to active virtual 
output queues within that unmatched input port. 

The data processing apparatus of claim 13, wherein the input selector selects the 
unmatched input port according to an input port selection algorithm that maximizes 
fairness properties of the apparatus in transferring data packets and/or minimizes delay 
properties of the apparatus in transferring data packets by having output buffers in the 
output ports arranged into virtual input queues, one virtual input queue for each input 
port, and wherein each virtual input queue maintains pointers to cells sent from its 
corresponding input port. 

The data processing apparatus of claim 13, wherein the input selector selects the 
unmatched input port according to a round-robin input port selection algorithm. 

The data processing apparatus of claim 1 5, wherein the input selector maintains an 
indication of a previously selected input port and selects the unmatched input port 
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4. 



The data processing apparatus of claim 3, wherein the output selector selects the 
virtual output queue of the unmatched input port only if the virtual output queue 
corresponds to a single unmatched output port having a lowest occupancy 
characteristic of a set of all unmatched output ports. 



5. 



The data processing apparatus of claim 4, wherein the input selector selects the 



unmatched input port according to an input port selection algorithm that maximizes 
fairness properties of the apparatus in transferring data packets and/or minimizes delay 
properties of the apparatus in transferring data packets by having output buffers in the 
output ports arranged into virtual input queues, one virtual input queue for each input 
port, and wherein each virtual output queue buffers cells sent from its corresponding 
input port. 

6. The data processing apparatus of claim 4, wherein the input selector selects the 
unmatched input port according to a round-robin input port selection algorithm. 

7. The data processing apparatus of claim 6, wherein the input selector maintains an 
indication of a previously selected input port and selects the unmatched input port 
according to a next input port indicated within the input port requests received in 
relation to the previously selected input port. 

8. The data processing apparatus of claim 4, wherein the input selector selects the 
unmatched input port according to a Last Service Time input port selection algorithm. 

9. The data processing apparatus of claim 8, wherein: 

the input ports maintain, for each virtual output queue, a time-stamp of a last 
time each virtual output queue transferred a data packet from its associated input port 
to an output port, and time-stamp information for virtual output queues is 
communicated to the input selector; and 

wherein the input selector selects the unmatched input port from the input port 
requests received according to an oldest time-stamp. 
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CLAIMS 

1 . A data processing apparatus for transferring data packets between input ports and 
output ports, the input ports for receiving the data packets into the apparatus and the 
output ports for transmitting the data packets from the apparatus, the apparatus 
comprising: 

a switch fabric connecting input buffers in the input ports to output buffers in 
the output ports to allow the data packets to be transferred between the input ports and 
the output ports; and 

an arbiter that controls the switch fabric to prioritize the transfer of the data 
packets from the input buffers to the output buffers according to occupancy 
characteristics of the output buffers. 

2. The data processing apparatus of claim 1, wherein the switch fabric has a speedup of 
two. 

3. The data processing apparatus of claim 2, wherein: 

the input buffers in input ports are arranged into virtual output queues, each 
virtual output queue corresponding to a distinct output port; and 
the arbiter includes: 

output buffer occupancy rating detectors indicating occupancy 
characteristics of the output buffers for the output ports; 

an output selector that selects a virtual output queue of an unmatched 
input port corresponding to an unmatched output port having a lowest 
occupancy characteristic, and that generates a request for that unmatched 
output port identifying that input port; and 

an input selector that selects an unmatched input port to be matched 
with an unmatched output port based upon requests received from the output 
selector, and that generates a grant for the output selector giving permission for 
a selected unmatched input port to transfer a packet from its virtual output 
queue corresponding to the output port sending the grant, to that unmatched 
output port, thus matching the unmatched input port and unmatched output 
port. 
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be able to ascertain using no more than routine experimentation, many equivalents to the 
specific embodiments of the invention described specifically herein. Such equivalents are 
intended to be encompassed in the scope of the claims. 
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fabric, the arbiter schedules and transfers at most S cells or packets from an input port (i.e., 
from one of the virtual queues of an input port) to an output port, where S is the speedup. 

Fig. 18 illustrates an example of a computer network 245 in which the present 
invention may advantageously operate. Host computers 210 through 221 connect via data 
5 links 232 through 243 to network devices 222 through 225. Network devices 222 through 225 
interconnect with each other over data links 226 through 23 1 in order to forward data between 
the hosts 2 1 0 through 22 1 . For example, to transmit data from host 2 1 0 to host 2 1 3, the data 
is typically sent from host 210 in packets onto data link 243, which connects to an input port 
on network device 222. Network device 222 receives the data, transfers the data across an 

10 internal switching fabric (not shown in Fig. 1 8), and forwards the data from an output port 
onto data link 229. Network device 225 then receives the data on an input port coupled to 
data link 229, transfers the data through its internal switching fabric, and forwards the data out 
of an output port onto data link 240 towards destination host 213. Each network device 222 
through 225 in Fig. 18 has input ports that receive data, output ports that send data, and a 

15 switching fabric that allows data to be transferred between the input and output ports, all as 
previously described in this invention. 

In computer networking applications of this invention, such as the example computer 
network 245 in Fig. 18, the technology of the invention may be applied to the network devices 
222 through 225, which may for example be hubs, switches, routers, bridges and other forms 

20 of networked data transmission equipment that move data between multiple data links, 

sources, destinations, devices or networks. For example, one or more of network devices 222 
through 225 may be a switch that transfers data packets between different network data links 
or segments. The network switch may use the technology disclosed herein as the invention to 
its benefit. This is because a switch, for example, often must buffer packets on either side (i.e. 

25 input and output sides of connections within the switch) of the switch as the switch fabric 

transfers packets between each different network segment linked by the switch. Accordingly, 
switches buffering packets at input and outputs may be modeled as combined input-output 
buffered network devices and may apply the invention as disclosed. 

While this invention has been particularly shown and described with references to 

30 preferred embodiments thereof, it will be understood by those skilled in the art that various 
changes in form and details may be made therein without departing from the spirit and scope 
of the invention as defined by the appended claims. Those skilled in the art will recognize or 
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but in one-half the time. This results in accomplishing twice as many packet transfers across 
the switching fabric in a single time slot. As a general rule, for a speedup of S for a switch 
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